Effective host T lymphocyte sensitization to malignant cells depends on successful antigen presentation. In this study, we examined the capacity of malignant myeloid progenitor cells of patients in the chronic phase of chronic myelogenous leukemia (CML) to acquire characteristics of activated dendritic cells ( Recent clinical observations indicate that T lymphocytes can play an important therapeutic role in chronic myelogenous leukemia (CML) (1, 2). Donor lymphocyte infusions are effective in inducing complete cytogenetic remission in patients who have relapsed after allogeneic bone marrow transplantation, indicating that donor lymphocytes mediate a graftvs.-leukemia response in these patients (3-5).
Recent clinical observations indicate that T lymphocytes can play an important therapeutic role in chronic myelogenous leukemia (CML) (1, 2) . Donor lymphocyte infusions are effective in inducing complete cytogenetic remission in patients who have relapsed after allogeneic bone marrow transplantation, indicating that donor lymphocytes mediate a graftvs.-leukemia response in these patients (3) (4) (5) .
A successful MHC-restricted response against CML is believed to depend on sufficient activation of CD8 ϩ and CD4 ϩ T lymphocytes, which recognize their leukemic target cell through CML-associated tumor antigens in the context of either MHC class I or class II molecules (6) (7) (8) . CML cells are known to express various tumor antigens, including the bcr͞abl fusion protein, a neoantigen not shared by any normal cells (9) (10) (11) (12) . Other cancer-specific tumor proteins in CML may include mutant p53 and mutant N-ras (12) . The efficiency of antigen presentation by the leukemia cell and its susceptibility to cytotoxic targeting by activated T lymphocytes is contingent on appropriate expression of accessory molecules by the tumor cell (8) . Costimulatory signals delivered through molecules such as B7, which interact with CD28 on the T lymphocytes, are essential to enhance T cell cytotoxicity (13, 14) . Dendritic cells (DCs) are known to be potent antigen-presenting cells (APCs), capable of inducing naïve T lymphocyte sensitization (15, 16) . Human DCs can originate from myeloid-origin progenitor cells in the bone marrow and, in addition, can be derived from human peripheral blood monocytes (17) (18) (19) . Treatment of purified CD14 ϩ monocytes with the cytokines granulocyte͞macrophage colony-stimulating factor and IL-4 for 7-10 days, as well as with agents that increase intracellular calcium concentration in monocytes for 24-48 hr, results in rapid acquisition of multiple features typical of activated DCs (18, 19) .
In the current study we demonstrate that leukemic myeloid progenitor cells obtained from peripheral blood of CML patients in chronic phase, depleted of monocytes and lymphocytes, likewise can be efficiently activated into APCs, with characteristics of mature DCs, by treating these cells with calcium-mobilizing agents.
MATERIALS AND METHODS

Preparation of CD33
؉ CML Cells. After obtaining informed consent, heparinized blood samples were collected from 15 patients with CML in chronic phase. Cytogenetic analysis of the bone marrow of these patients revealed 100% positivity for the Philadelphia chromosome. Cells were either collected at diagnosis or during treatment with hydroxyurea or IFN-␣. Peripheral blood mononuclear cells (PBMCs) were separated from whole blood by using a discontinuous density gradient method (Organon Teknika-Cappel). Contaminating monocyte and lymphocyte fractions were separated from the CML cell pool by superparamagnetic microbeads preconjugated with mouse mAb to human CD14, CD3, CD19, and CD56. The wash and incubation buffer used was Ca 2ϩ ͞Mg 2ϩ -free Hanks' balanced salt solution (BioWhittaker) with 0.5% human serum albumin (Sigma). Briefly, fresh PBMCs were incubated with anti-CD14-conjugated microbeads at a concentration of 20 g͞10 7 cells for 15 min at 4°C and then applied to VSϩ columns positioned on Vario MACS magnets (Miltenyi Biotec, Auburn, CA). Nonlabeled CD14-negative cells were washed through the column, collected, and submitted to a second sorting process by incubating cells with CD3-, CD19-, and CD56-conjugated microbeads. Incubation was performed in the same manner and yielded a purified, nonlabeled
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PNAS is available online at www.pnas.org. obtained in the first sort were set aside in some CML patients for allosensitization studies. Activation of Purified CML Cells. Purified CML progenitor cells were plated in 24-well plates at 1 ϫ 10 6 cells͞ml. Cultures were maintained in Iscove's modified Dulbecco's medium (BioWhittaker) with 5% AB serum (Sigma)͞100 units/ml penicillin͞100 g/ml streptomycin͞50 g/ml gentamycin sulfate͞0.5 g/ml amphotericin B͞1 mM sodium pyruvate͞0.1 mM nonessential amino acids. CML cells were either incubated in medium alone or medium with calcium ionophore (CI) at a concentration of 375 ng͞ml (A23187; Sigma), which, in initial dose titration studies, was found to be the optimal dose for these experiments.
Phenotypic Analysis of Cells by Flow Cytometry. Cells were assessed for surface marker expression by fluorescent multicolor flow cytometry (FACScan; Becton Dickinson). Ca 2ϩ ͞ Mg 2ϩ -free Hanks' balanced salt solution with 1% FCS and 0.1% sodium azide was used as a diluent͞wash FACS buffer. Quality control of purified CML preparations was monitored by flow cytometry, staining cells with fluorescein-conjugated antibodies to CD33 (PharMingen), CD3, CD14, CD20, and CD56 (Becton Dickinson). Immunophenotypic profile of cultured CML cells was evaluated at different time points (1-5 days) by double staining with the FITC-conjugated anti-CD33 as well as phycoerythrin (PE)-conjugated antibodies to HLA-DR, B7.1 (CD80), and CD54 (intercellular adhesion molecule-1), which were obtained from Becton Dickinson; HLA-ABC and B7.2 (CD86) from PharMingen; CD40 from Serotec; and CD83, which was obtained from Caltag (South San Francisco, CA). Antibodies were incubated for 30 min at 4°C. After a wash with cold FACS buffer, cells were resuspended, 1 g of propidium iodide (PI) (Sigma) was added per tube to distinguish viable from nonviable cells, and then multicolor analysis was performed immediately on unfixed cells by using a 5-W argon laser emitting 200 mW of 488-nm light. Simultaneous measurements of FITC, PE, and PI emissions were performed by using 530, 575, and 650 filters with acquisition in logarithmic mode. Nonviable cells were delineated clearly in FL3 (650) vs. forward-scatter display and were excluded from final analysis. All viable cells were analyzed in these immunophenotypic studies.
Enrichment of B7.1-Positive CML Myeloid Progenitor Cells After Treatment with CI. CI-treated purified CML cells negative for immunophenotypical expression of CD14 were selected for B7.1-expressing cells by using the FACStar Plus cell sorter (Becton Dickinson). Briefly, CML cells were harvested after 4 days in culture with CI stained with the phycoerythrin (PE)-conjugated anti-B7.1 and immediately positively selected by using a 5-W argon ion laser emitting 200 mW of 488-nm light. PE fluorescence was detected by using logarithmic amplification in the FL2 channel with a 575DF26 bandpass filter. Two thousand B7.1-positive cells͞sec were collected and then submitted to fluorescence in situ hybridization (FISH) assays for detection of the bcr͞abl fusion gene.
Photomicroscopy. Untreated and CI-treated, purified CML cells were evaluated for the acquisition of morphological features of DCs by Nomarski differential interference contrast microscopy. At day 5 cultured cells were harvested and trans- Genetic Analysis of CML Cells by FISH. CML cells subjected to either medium alone or CI (375 ng͞ml) treatment were harvested after 5 days and fixed onto glass slides. Monocytes of healthy donors maintained similarly in culture served as a negative control. CI-treated, B7.1-positive CML cells were fixed onto glass slides in the same fashion immediately after the sorting process. Specimen slides then were denatured, and the dual-color bcr͞abl translocation DNA probe (Vysis, Downers Grove, IL) was applied to examine interphase nuclei. The FISH procedures were performed according to the manufacturer's recommendations and photographed with a fluorescence microscope using a tricolor filter. Normal cells were expected to display two green (bcr gene) signals and two orange (abl gene) signals. Leukemic nuclei were expected to display one green, one orange, and one yellow signal that resulted from the fusion of the bcr͞abl gene. 
RESULTS
Patients. All CML patients included in this study presented clinically with considerable expansion of WBC in their peripheral blood, typically cells of the granulocyte lineage. WBC counts ranged from 18 to 269 ϫ 10 6 ͞cm 3 . Ten patients had not received any treatment at blood draw, one patient was treated with IFN-␣ for 14 days, three patients were treated with hydroxyurea for less than 14 days, and one patient had received hydroxyurea for longer than 14 days.
Immunophenotypical Analysis of Freshly Isolated CML Precursor Cells and Purified CML Cells Cultured in Standard Medium Alone. Immunocytochemical staining for CD33 of freshly isolated and untreated CML precursor cells from all patients demonstrated uniform expression, although this expression was dim compared with monocytes (Fig. 1) . Furthermore, the purified cell population from 12 of 15 patients did not display any CD3, CD14, CD20, or CD56 lineage staining, confirming that these cells lacked lymphocyte or monocyte contamination and were of tumor origin (Fig. 1) . Two patients expressed low levels of CD56 on their purified CML cells. A third patient showed a discrete monocytic phenotype. However, these CD14 ϩ cells showed diminished staining for HLA-DR and negative staining for CD86, suggesting that these were leukemic cells of monocytic origin rather than contaminating monocytes, which are expected to stain positively for CD14 ϩ , HLA-DR, and CD86. Fresh CML cells, as well as cells maintained in standard medium alone for up to 4 days, showed homogeneous surface expression of MHC class I molecules, whereas only minimal levels of HLR-DR were detectable. When incubated with a monomorphic mAb specific to HLA-DR, DP, and most DQ antigens, MHC class II expression increased, although it remained very dim (data not shown). Additionally, these cells stained for the adhesion molecule CD54 (intercellular adhesion molecule-1). The cells lacked expression of the costimulatory molecules B7.1 and B7.2 as well CD40 and the DCassociated activation marker CD83, again indicating that these cells did not display characteristics of normal monocytes or mature DCs (Fig. 2) .
Immunophenotypical Analysis of CML Precursor Cells Treated with CI. Treatment with CI resulted in a homogeneous conversion of CML cells to a cellular phenotype closely resembling that of activated DCs, as evidenced by de novo expression of B7.1, B7.2, CD40, and CD83 as well as marked up-regulation of HLA-A, B, and C, HLA-DR, and CD54 by day 4 (Fig. 2) . These effects were observed in CML progenitor cells of all 15 patients investigated regardless of their presenting WBC counts, prior treatment, or cell lineage characteristics. CI-treated cells retained their negativity for the B and T cell markers (Fig. 1) . In some donors, CI induced dim staining of the monocytic marker CD14. The marked increase in HLA-DR expression occurred as early as 24 hr after treatment with CI and maximized 4 days thereafter. Notable de novo expression of the costimulatory molecules B7.1 and B7.2 was detectable 2-3 days into culture and peaked by day 4-5. Uniformly high CD40 and CD54 expression was maximal by day 4 and did not increase thereafter. De novo expression of the DC activation marker CD83 was highest 72 hr after the incubation with CI was initiated.
Dose-response studies indicated that maximal induction of activated DC characteristics in CML progenitor cells generally was achieved with a CI concentration of 375 ng͞ml (Fig. 3) ; minimal toxicity was observed and harvest of cells after 72-96 hr typically yielded a 90% cell recovery, of which the cell viability ranged between 80% and 85% (data not shown).
CI Induces Dendritiform Morphological Features in CML Progenitor Cells. CI treatment causes CML progenitor cells to acquire typical morphological features of DCs, such as long dendritic projections and ruffled membranes, by day 5 (Fig. 4) . Whereas untreated cells maintained their rounded, smooth surface morphology and arranged as dispersed, nonadherent cells in culture, CI-treated CML cells predominantly gathered in clusters as nonadherent cells with a larger cell surface and irregular shape.
Functional Properties of CI-Treated CML Cells Compared with Untreated and CI-Treated Monocytes. The mixed leukocyte response is an in vitro study used to assess naïve T lymphocyte proliferation (18) . In previous studies, we have demonstrated that CD14 ϩ peripheral blood monocytes can be induced to acquire multiple DC characteristics in response to CI treatment and that they are as efficient in sensitizing T lymphocytes to alloantigen as purified blood DC (19) . We therefore were interested in determining the ability of CItreated CML cells to stimulate allogeneic lymphocyte proliferation compared with untreated CML cells as well as untreated and CI-treated CD14 ϩ monocytes. As shown in Fig. 5 , CI-treated CML cells are potent stimulators of allogeneic T lymphocytes. Their allosensitizing capacity proved to be consistently superior to untreated CML cells and untreated monocytes. When compared with CI-treated normal monocytes, CI-treated CML cells generally were as effective in allosensitizing T cells. Untreated CML cells displayed no immunostimulatory activity toward MHC-mismatched peripheral blood T lymphocytes, consistent with the minimal expression of MHC and costimulatory molecules on these untreated leukemic cells (Fig. 5) .
Detection of the t(9:22) on Interphase Nuclei by FISH. To ensure that converted CML cells were of leukemic origin, untreated and CI-treated CML precursor cells were analyzed for the presence of the bcr͞abl gene by using FISH. Fig. 6b depicts nuclei of monocytes from normal donors, whereas Fig.  6 c and d shows nuclei of untreated and CI-treated CML cells, respectively. The untreated CML cells stained negatively for HLA-DR, CD80, and CD86 by FACS at the time the FISH studies were performed. Cells treated with CI demonstrated de novo expression of these DC markers, as can be seen in Fig. 6d . The yellow hybridization signal resulting from the fusion of the bcr and abl genes was observed in 75-95% of nuclei of the CML donors and did not differ between fresh, untreated, and CI-treated CML nuclei (Fig. 6a) . Nuclei of monocytes in a healthy donor generally were 3% positive for the fusion gene (Fig. 6a) . This number represents a false-positive value. Fig. 6e depicts a nucleus of a CML cell positively selected for B7.1. Overall, counts of nuclei expressing the fusion signal averaged 90%. That percentages of counted bcr͞abl fusion gene signals in both untreated and CI-treated CML cells never reached 100% is attributable to the method of how cells were counted, where very close bcr͞abl signals lacking the typical yellow signal were scored as negative.
DISCUSSION
We recently have demonstrated that CI treatment of monocytes in healthy volunteers and cancer patients rapidly yields large numbers of DCs (19) . Calcium signaling causes CD14 ϩ monocytes within the myeloid origin mononuclear cell (MOMC) pool to display characteristics of DCs with downregulation of CD14 expression, up-regulation of costimulatory (19) . Furthermore, CI also has been shown to cause acquisition of DC features in other myeloid derived cells, i.e., in the promyelocytic leukemia cell line HL-60 (20) . In this study, we have demonstrated that a purified CD33 ϩ cell preparation from CML, depleted of other peripheral blood cell components and independent of prior chemotherapy, rapidly acquires immunophenotypical, functional, and morphological characteristics of DCs. The immunophenotypic changes induced by CI were consistent in every donor, with de novo expression of the costimulatory molecules CD80 and CD86, the DC activation markers CD83 and CD40, as well as rapid and significant up-regulation of HLA-ABC, HLA-DR, and CD54. These CI-treated CML cells were shown to be positive for the bcr͞abl translocation by FISH with no difference in translocation expression between untreated and CItreated CML nuclei. Our findings are in agreement with studies of Choudhury et al. (21) , which show that exposure of CML cells to a cytokine combination of granulocyte͞macrophage colony-stimulating factor, IL-4, and tumor necrosis factor-␣ also led to the acquisition of a DC-like phenotype in these Phϩ cells. However, our study differs from that report, demonstrating that conversion with calcium-signaling agents can be achieved reliably in a CML progenitor cell population free of monocytes and B lymphocytes. Furthermore, conversion can be accomplished more rapidly and consistently as compared with treatment with the cytokines, and a procedure that requires selecting for DC-positive cells by CD1a sorting does not apply. In addition, the whole CML population is susceptible to calcium signaling independent of lineage or differentiation stage.
Allogeneic bone marrow transplantation in chronic phase presently is the only therapy successful in curing chronic myelogenous leukemia (22, 23) . For a significant number of patients who are not eligible for bone marrow transplantation based on older age or lack of appropriately matched donors, treatment with chemotherapy or IFN-␣ remains their only treatment alternative to prolong life expectancy (24) . Therefore, additional treatment options involving adoptive immunotherapy or vaccine therapy for this disease have become increasingly desirable. Vaccine therapy for treatment of CML can be approached either by pulsing CML-specific tumor peptides onto professional APCs or by modifying CML cells to render them more immunogenic for selective antileukemic T cell cytotoxicity. Recent in vitro studies suggest that tumor peptides derived from the chimeric bcr͞abl protein pulsed onto professional DCs can sensitize CD4 ϩ lymphocytes to recognize CML cell lysates and CML blast cells (8, 25) . However, this approach to leukemia control may be suboptimal, because pulsing APCs with a single peptide may elicit a restricted antitumor T cell response and CML cells lacking this particular tumor antigen may escape immune surveillance. Therefore, the development of a vaccine based on conversion of CML progenitor cells into APCs may constitute a more effective approach to leukemia control.
In the present study, we have demonstrated that a single pharmacological agent interfering with intracellular Ca 2ϩ homeostasis establishes an activation stimulus for myeloidderived cells to abandon other developmental programs in favor of an enhanced evolution toward antigen presentation. Conversion is accomplished within a myeloid progenitor cell pool typically lacking other APCs such as monocytes or B lymphocytes. Furthermore, conversion can be achieved rapidly and homogeneously without the need for long incubation times and additional selection methods for DC-positive cells. These APCs may express both a wide variety of naturally derived, CML-relevant tumor peptides as well as distinctive, DCassociated accessory molecules important for successful antigen presentation and recognition, T cell activation, and leukemia-restricted cytotoxicity. Immunotherapy with DC-like CML cells generated after calcium signaling therefore may offer a viable alternative for patients who increasingly become resistant to conventional chemotherapy and who lack a suitable bone marrow donor.
